Abstract. High exposure of manganese is suggested to be a risk factor for many lung diseases. Evidence suggests anticancerous and antiangiogenic effects by products derived from Morinda citrifolia (noni) fruit. In this study, we investigated the effect of noni fruit juice (NFJ) on the expression of HIF-1α, a tumor angiogenic transcription factor in manganese-chloride (manganese)-stimulated A549 human lung carcinoma cells. Treatment with manganese largely induced expression of HIF-1α protein but did not affect HIF-1α mRNA expression in A549 cells, suggesting the metal-mediated co-and/or post-translational HIF-1α upregulation. Manganese treatment also led to increased phosphorylation of extracellular-regulated protein kinase-1/2 (ERK-1/2), c-Jun N-terminal kinase-1 (JNK-1), protein kinase B (PKB), S6 and eukaryotic translation initiation factor-2α (eIF-2α) in A549 cells. Of note, the exposure of NFJ inhibited the manganese-induced HIF-1α protein upregulation in a concentration-dependent manner. Importantly, as assessed by results of pharmacological inhibition and siRNA transfection studies, the effect of NFJ on HIF-1α protein downregulation seemed to be largely associated with the ability of NFJ to interfere with the metal's signaling to activate PKB, ERK-1/2, JNK-1 and S6 in A549 cells. It was further shown that NFJ could repress the induction of HIF-1α protein by desferoxamine or interleukin-1β (IL-1β), another HIF-1α inducer in A549 cells. Thus, the present study provides the first evidence that NFJ has the ability to strongly downregulate manganese-induced HIF-1α protein expression in A549 human lung cancer cells, which may suggest the NFJ-mediated beneficial effects on lung pathologies in which manganese and HIF-1α overexpression play pathogenic roles.
Introduction
Morinda citrifolia (noni) has a long tradition as a medicinal plant in the Pacific islands and India (1, 2) . Evidence suggests that products derived from the fruit of noni may have a wide range of potentially beneficial effects. For example, it is shown that noni fruit juice (NFJ) has anti-inflammatory and anticancerous activities (3, 4) . There is further evidence to demonstrate that NFJ inhibits angiogenic initiation and disrupts newly established human vascular networks (5), indicating its antiangiogenic activity. However, the molecular and/or cellular mechanism underlying the NFJ-mediated antiangiogenic property remains unclear.
HIF-1 is a pro-angiogenic transcription factor composed of an α and a β subunit (6) . Characteristically, under normoxia and hypoxia, expression of HIF-1α and HIF-1β are differentially regulated. While HIF-1α protein is unstable and rapidly destructed via the proteasome-and E3 ubiquitin ligase von hippel lindau-mediated protein degradation pathway under normoxia, the protein is highly stabilized under hypoxia (7) (8) (9) (10) . The stabilized HIF-1α, under hypoxia, dimerizes with HIF-1β and this HIF-1α/β dimeric complex involves in the transcriptional induction of hypoxia responsive elementcontaining genes involved in hypoxic adaptation and/or new blood vessel formation (11) . However, the hypoxia-independent induction of HIF-1α expression has also been reported. For example, it has previously been shown that interleukin-1β (IL-1β), transforming growth factor-β1 (TGF-β1), insulin-like growth factor-1 (IGF-1) or certain heavy metals like manganese can induce the expression of HIF-1α under normoxic conditions (12) (13) (14) (15) (16) (17) and that the HIF-1α inducibility by these factors is largely dependent of activities of multiple intracellular signaling proteins, including protein kinase B (PKB), extracellular-regulated protein kinase-1/2 (ERK-1/2), p38 mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase-1/2 (JNK-1/2), and/or nuclear factor-κB (NF-κB) (14) (15) (16) (17) (18) . Little is known about the relationship between NFJ and HIF-1α expression.
In this study, we investigated the effect of NFJ on the expression of HIF-1α in manganese-treated A549 human lung cancer cells and determined the possible molecular and cellular mechanisms involved.
Materials and methods

Materials.
The fruit juice of Morinda citrifolia L. (noni) (NFJ) was purchased from Tahitian Gold Co., Inc. (Torrance, CA, USA) and stored at 4˚C refrigerator until use. RPMI-1640 medium, fetal bovine serum (FBS), and penicillin-streptomycin were purchased from WelGENE (Daegu, Korea). Anti-rabbit polyclonal or mouse monoclonal antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Enzyme-linked chemiluminescence (ECL) Western detection reagents were purchased from Thermo Scientific (Waltham, MA, USA). Bradford reagent was bought from Bio-Rad (Hercules, CA, USA). The mouse monoclonal anti-human HIF-1α antibody was obtained from BD Bioscience (San Jose, CA, USA). The antibody against HIF-1β was purchased from Santa Cruz Biotechnology, Inc. Antibodies against phospho-ERK-1/2 (p-ERK-1/2), ERK-1/2, phospho-JNK-1/2 (p-JNK-1/2), JNK-1/2, phospho-PKB (p-PKB), PKB, phospho-S6 (p-S6), S6, or the α subunit of the eukaryotic translation initiation factor-2 (eIF-2α) were purchased from Cell Signaling Technology, Inc. (Danvers, MS, USA). The phospho-eIF-2α (p-eIF-2α) antibody was acquired from Epitomics, Inc. (Burlingame, CA, USA). LY294002 and PD98059 were purchased from Biomol (Plymouth Meeting, PA, USA). SP600125, rapamycin and a proteinase inhibitor cocktail (100X) were purchased from Calbiochem (San Diego, CA, USA). IL-1β was purchased from R&D Systems (Minneapolis, MN, USA). RT-PCR reagents were purchased from Promega (Madison, WI, USA). RNAzol-B reagent was purchased from Tel-Test (Houston, TX, USA). Plasticware of 6-well plates and 24-well plates was purchased from SPL Life Sciences (Gyeonggi-do, Korea). Other reagents, including manganese-chloride (MnCl 2 ), were purchased from Sigma (St. Louis, MO, USA).
Cell culture. A549 human lung carcinoma cells (CCL-185) were purchased from ATCC (Manassas, VA, USA). Cells were grown in RPMI supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin.
Preparation of whole cell lysates. To see the effect of manganese, IL-1β or desferoxamine in the absence or presence of NFJ on expression and phosphorylation (activity) of proteins, A549 cells (0.5x10 6 cells in 2 ml/well in a 6-well plate) were treated without or with these agents and/or inhibitors at the indicated concentrations or times. The conditioned cells were washed twice with phosphate-buffered saline supplemented with 1 mM Na 3 VO 4 and 1 mM NaF and exposed to a modified RIPA cell lysis buffer [50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate, 1% Triton X-100, 1% Nonidet P-40, 1 mM EDTA, 1 mM EGTA and a proteinase inhibitor cocktail (1X)]. Cells were harvested and centrifuged for 20 min at 4˚C at 12,000 rpm. The supernatant was saved and its protein concentration was determined with the Bradford reagent.
Total-RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR).
To determine the effect of manganese, IL-1β or desferoxamine in the absence or presence of NFJ on expression of HIF-1α or actin mRNA, A549 cells (0.5x10 6 cells in 2 ml/well in a 6-well plate) were treated without or with these agents in the indicated concentrations or times. Total cellular RNA was then isolated with RNAzol-B reagent according to the manufacture's protocol. Three micrograms of total-RNA were then reverse-transcribed using murine-molony leukemia virus (M-MLV) reverse transcriptase. Single stranded cDNA was amplified by PCR with the following primers: HIF-1α, sense, 5'-CTCAAAGTCGGACAGCCTCA-3'; antisense, 5'-CCCTGC AGTAGGTTTCTGCT-3'; actin sense, 5'-GTGCGCACACAT GCTTCTGT-3'; antisense, 5'-GGTAGGAACACGGAAGG CCA-3'. The PCR conditions applied were: HIF-1α, 23 cycles of denaturation at 95˚C for 30 sec, annealing at 56˚C for 30 sec, and extension at 72˚C for 50 sec; actin, 30 cycles of denaturation at 95˚C for 30 sec, annealing at 56˚C for 30 sec, and extension at 72˚C for 30 sec. The PCR products were run on 1.5% agarose gel electrophoresis at 100 V for 15 min. Actin mRNA was used as an internal control to evaluate the relative expression of HIF-1α mRNA.
Western blotting. An aliquot of whole cell lysate (60 µg) was separated by SDS-PAGE (10%). The separated proteins in the gel were then electrically transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). The membranes were then washed with Tris-buffered saline (TBS, 10 mM Tris, 150 mM NaCl) supplemented with 0.05% (vol/vol) Tween-20 (TBST) followed by blocking with TBST containing 5% (wt/ vol) non-fat dried milk. The membranes were incubated at 4˚C overnight with antibodies specific for HIF-1α (1:2,000), HIF-1β (1:2,000), p-ERK-1/2 (1:1,000), ERK-1/2 (1:2,000), p-JNK-1/2 (1:2,000), JNK-1/2 (1:2,000), p-PKB (1:2,000), PKB (1:2,000), p-S6 (1:2,000), S6 (1:2,000), p-eIF-2α (1:2,000), eIF-2α (1:2,000) or actin (1:5,000). The membranes were then exposed to secondary antibodies coupled to horseradish peroxidase for 2 h at room temperature. The membranes were washed three times with TBST at room temperature. Immunoreactivities were detected by ECL reagents. Equal protein loading was assessed by the expression level of actin protein.
Measurement of HIF-1α protein stability.
To determine the effect of NFJ on HIF-1α protein stability in manganese-treated A549 cells, A549 cells (0.5x10 6 cells in 2 ml/well in a 6-well plate) were primarily treated without or with manganese for 4 h to induce high cellular levels of HIF-1α protein. Cells were then exposed for an additional 1, 3 or 5 min to manganese with or without NFJ in the presence of cycloheximide (CHX), a translation inhibitor, to block ongoing translation. At each time, whole cell lysates were prepared and subjected to immunoblot analysis for HIF-1α or actin to measure the amounts of HIF-1α protein remaining in the cells. Actin was used as an internal control to relatively compare the level of HIF-1α remaining in the cells.
Small interference RNA (siRNA) transfection experiment. A549 cells (0.5x10 6 /2 ml/well/6-well plate) were transfected with 150 pmole of control or eIF-2α siRNA for 48 h. After 48 post-transfection, cells were treated without or with manganese for an additional 4 h. Whole cell lysates were then prepared and analyzed by Western blotting to measure the expression of eIF-2α or HIF-1α protein in control or eIF-2α siRNA-transfected A549 cells.
Statistical analyses. Data are expressed as mean ± standard error (SE). The significance of the differences was determined by one-way ANOVA. All significance testing was based on a P-value of <0.05.
Results
Noni fruit juice (NFJ) selectively downregulates the expression of HIF-1α protein in manganese-treated A549 cells.
Initially, the effect of manganese on HIF-1α protein expression in A549 cells was investigated by Western blot analysis. As shown in Fig. 1A , compared with control (lane 1), treatment with manganese (250 µM, 4 h) largely induced expression of HIF-1α protein, but did not influence HIF-1β protein expression in A549 cells (lane 2), suggesting the specificity. Whether NFJ affects the manganese-induced HIF-1α protein expression in A549 cells was next determined. Interestingly, the exposure of NFJ inhibited the manganese-induced HIF-1α protein expression in a concentration-dependent manner (lanes 3-6). Particularly, NFJ treatment at 100 µl/ml almost completely suppressed the metal-induced HIF-1α protein expression (lane 6). Treatment with NFJ at the concentrations applied had no effect on HIF-1β protein expression (lanes 3-6). Control actin protein expression remained constant by treatment with manganese and/or NFJ at the doses applied (Fig. 1A, lanes 1-6) . RT-PCR analyses were next carried out to see the effect of manganese and/or NFJ on expression of HIF-1α mRNA in A549 cells. Of note, as shown in Fig. 1B , there was substantial level of HIF-1α mRNA in control A549 cells (lane 1). The HIF-1α mRNA level, however, was not enhanced by treatment with manganese (lane 2) and/or NFJ at the concentrations tested (lanes 3-6). Control actin mRNA expression remained constant under the experimental conditions (Fig. 1B, lanes 1-6) . Data of MTS experiments showed that NFJ at 100 µl/ml reduced the viability of A549 cells by 10-15%, suggesting the low cytotoxicity of NFJ at 100 µl/ml (data not shown).
NFJ-mediated downregulation of HIF-1α protein is not due to alteration of HIF-1α protein stability.
Whether downregulation of manganese-induced HIF-1α protein by NFJ is due to altered HIF-1α protein stability (turnover) was next examined by CHX chase experiments. As shown in Fig. 2A , when translation was blocked by CHX, a translation inhibitor, in the absence of NFJ, there was a rapid time-dependent gradual decrease of HIF-1α protein level in manganese-treated A549 cells (lanes 3-5), suggesting its intrinsic turnover. However, the intrinsic HIF-1α protein turnover was not changed by treatment with NFJ (lanes 6-8). Actin protein expression remained constant under the experimental conditions ( Fig. 2A, lanes 1-8) . Fig. 2B is the semi-quantitative analysis of Fig. 2A .
NFJ largely interferes with phosphorylation of PKB, ERK-1/2, JNK-1, S6, and eIF-2α induced by manganese in A549 cells.
We next determined the effect of manganese on the phosphorylation of intracellular signaling proteins involved in gene expression and/or translation. As shown in Fig. 3 , compared with control (lane 1), manganese treatment at 4 h increased phosphorylation of ERK-1/2, JNK-1, PKB, S6 and eIF-2α in A549 cells (lane 2). Importantly, the metal's signal to trigger phosphorylation of ERK-1/2, JNK-1, PKB, S6 and eIF-2α in A549 cells was strongly affected by NFJ (lanes 3-6) . In particular, the strongest inhibitory effect on the metal-induced phosphorylation of these proteins was shown by NFJ at 100 µl/ ml (lane 6). However, as shown in Fig. 3A -E, compared with control (lane 1), total expression level of ERK-1/2, JNK-1, PKB, S6 or eIF-2α was not changed by treatment with manganese (lane 2) and/or NFJ at the doses tested (lanes 3-6) . 
Evidence that NFJ-mediated downregulation of HIF-1α protein is through modulation of activities of PI3K/PKB, ERK-1/2, JNK-1, and S6, but not eIF-2α, in manganese-treated A549 cells.
Whether the NFJ's repressive effect on HIF-1α protein expression is due to blockage of the metal's signal to activate ERK-1/2, JNK-1, PKB and/or S6 was next determined by pharmacological inhibition studies. As shown in Fig. 4A , the manganese-induced HIF-1α protein expression (lane 2) was greatly repressed by treatment with LY294002 (an inhibitor of PI3K/PKB) (lane 3). There was also a partial inhibition of the manganese-induced HIF-1α protein expression by treatment with PD98059 (an inhibitor of ERK-1/2) (lane 4), SP600125 (an inhibitor of JNK-1/2) (lane 5), and rapamycin (an inhibitor of the mTOR/p70S6K/S6 pathway) (lane 6), respectively. Actin protein expression remained constant under the experimental conditions (Fig. 4A, lanes 1-6) . siRNA transfection targeting eIF-2α was next carried out to see the role of eIF-2α in the regulation of HIF-1α protein expression in manganese and/or NFJ-treated A549 cells. As shown in The ability of NFJ to repress expression of HIF-1α protein by other HIF-1α inducers in A549 cells. The effect of NFJ on expression of HIF-1α by other HIF-1α inducers, such as the iron chelator desferoxamine or the inflammatory cytokine IL-1β in A549 cells was next investigated. As shown in Fig. 5A and B, compared with control (lane 1), treatment with desferoxamine largely induced expression of HIF-1α protein, but did not affect HIF-1α mRNA expression in A549 cells (lane 2). Notably, the desferoxamine-mediated induction of HIF-1α protein expression was in part suppressed by treatment with NFJ at 100 µl/ml (lane 3). As shown in Fig. 5C and D, compared with control (lane 1), treatment with IL-1β substantially induced expression of HIF-1α protein, while it slightly increased HIF-1α mRNA expression in A549 cells (lane 2). Apparently, treatment with NFJ at 100 µl/ml strongly inhibited the IL-1β-induced HIF-1α protein expression, but had no effect on the IL-1β-induced HIF-1α mRNA expression in A549 cells (lane 3). As shown in Fig. 5 , actin protein or mRNA expression remained constant by treatment with desferoxamine or IL-1β in the absence or presence of NFJ (lanes 1-3).
Discussion
Evidence suggests that noni fruit juice (NFJ) has anticancer and antiangiogenic potential. We here report for the first time the ability of NFJ to downregulate the manganese-stimulated expression of HIF-1α tumor angiogenic transcription factor through modulation of activities of various signaling proteins in A549 human lung cancer cells.
In initial experiments, we have shown that NFJ inhibits the expression of HIF-1α protein without changing the HIF-1α mRNA expression and HIF-1α protein stability in the manganese-treated A549 cells (Figs. 1 and 2) . Expression of HIF-1α is believed to be regulated at multiple steps, including transcription, translation, and/or post-translation (8, 10, 12, 19) . Thus, these findings suggest that the NFJ's repressive effect on the metal-induced HIF-1α protein expression in A549 cells is not at the level of HIF-1α transcription and HIF-1α post-translational stability but at the level of the HIF-1α translational process and/or accumulation.
Evidence suggests that a variety of intracellular signaling proteins and/or factors mediate the expression of and/or accumulation of HIF-1α protein in response to extracellular stimuli under normoxic conditions. For example, several experiments have shown a role of ERK-1/2 in the IL-1β-induced HIF-1α protein expression in normal human cytotrophoblast cells (13) and the necessity of activities of PI3K/PKB, ERK-1/2, and JNK-1/2 in the insulin-induced HIF-1α increase in rat vascular smooth muscle cells (20) . Furthermore, there is a study to demonstrate involvement of PKB and p38 MAPK in the diosgenin-induced expression of HIF-1α in MC3T3-E1 preosteoblast-like cells (21) . It also has been recently shown that activities of MAPKs, PKB, PKCs and Src are important for the manganese-induced HIF-1α protein upregulation in Hep2 human laryngeal cancer cells (17) . In agreement with these, the present study has demonstrated that treatment with manganese induces activation of ERK-1/2, JNK-1 and PKB (Fig. 3A-C) , and their activations are critical for the metalmediated induction of HIF-1α protein expression in A549 cells (Fig. 4A) . Also, further considering that NFJ strongly inhibits the manganese's signal to activate ERK-1/2, JNK-1 and PKB in A549 cells (Fig. 3A-C) , it is likely that the NFJ's downregulatory effect on HIF-1α protein expression is closely associated with the ability of NFJ to interfere with the metal's signal to activate these signaling components in the cells.
S6 is a ribosomal protein involved in translation (22) . Phosphorylation (activation) of S6 protein is reported to be mediated by the action of an upstream protein kinase p70 S6 kinase (S6K) (23) . It has been further demonstrated that PI3K/PKB and mTOR are upstream kinases responsible for phosphorylation of S6K (24, 25) . The present study has shown that manganese treatment stimulates phosphorylation of S6 in A549 cells but NFJ strongly blocks it (Fig. 3D) . Through pharmacological analysis, the present study also reveals that treatment with rapamycin, an mTOR/S6K/S6 inhibitor partially reduces the metal-induced HIF-1α protein expression in A549 cells (Fig. 4B) . Considering a previous report with S6K regulation of angiogenesis via HIF-1α expression in ovarian cancer cells (26) , it is speculative that interference with the mTOR/S6K/S6 pathway may in part contribute to the NFJ-mediated reduction of HIF-1α protein expression in this system. Evidence suggests that eIF-2α is a translational regulator and the phosphorylation (on Serine 51 ) of eIF-2α by stress kinases, such as protein kinase R, leads to its inactivation and inhibition of global translation (27) . Notably, the present study has demonstrated that manganese treatment also leads to increased phosphorylation of eIF-2α in A549 cells while NFJ strongly blocks it (Fig. 3E) . However, analysis of siRNA transfection performed in the present study has unveiled that knockdown of eIF-2α expression and activity does not influence the manganese-induced expression of HIF-1α protein in A549 cells as well as the NFJ's repressive effect on the metalinduced HIF-1α protein upregulation in A549 cells (Fig. 4B) , suggesting no link between the eIF-2α pathway and HIF-1α protein upregulation or downregulation in response to manganese and/or NFJ exposure.
NFJ contains a variety of compounds, including iridoids, flavonol glycosides, lignans, ursolic acid, β-sistosterol, and scopoletin (1,2). Interestingly, it has been recently shown that ursolic acid enriched in NFJ and also in many other plant products suppresses endogenous mRNA expression of multiple pro-angiogenic genes, including HIF-1α, in human liver cancer cells (28) , thereby suggesting its antiangiogenic potential. Though not assessed herein, it is suggested that among the constituents of noni juice, ursolic acid may be a key compound associated with the NFJ's repressive effect on the manganese-induced HIF-1α protein expression in A549 cells. To answer this question, we are currently investigating if ursolic acid influences expression of HIF-1α protein induced by manganese in A549 cells.
The present study also provides experimental evidence that the NFJ's repressive effect on HIF-1α protein expression is not limited to the manganese signal. This is based on the facts that NFJ is further able to strongly inhibit the desferoxamine-or IL-1β-induced HIF-1α protein expression without affecting HIF-1α mRNA expression in A549 cells (Fig. 5) .
High exposure of manganese is believed to be a risk factor for respiratory diseases (29) . Evidence also indicates the manganese-mediated pulmonary toxicities characteristic of inflammatory and angiogenic changes (30, 31) . Overexpression of HIF-1α has been implicated in multiple pulmonary pathologies, including inflammation, hypertension, and cancer (18, 32, 33) . In view of this, the present findings with the strong inhibitory effect of NFJ or LY294002 on the manganeseinduced HIF-1α protein expression in A549 cells may have significance to emphasize that single and/or combined treatment with NFJ or LY294002 may be useful for diminishing the manganese-mediated lung pathologies in which overexpression of HIF-1α is problematic.
In conclusion, the present study demonstrates for the first time that NFJ reduces expression of HIF-1α at the protein level in the manganese-treated A549 human lung carcinoma cells. The NFJ-mediated repression of HIF-1α protein appears to be largely associated with the ability of NFJ to interfere with the manganese's signal to activate PKB, ERK-1/2, JNK-1 and S6.
